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ABSTRACT 


TliG  s— ribonuclGa tes  prapared  froin  wheat  germ  were 
analyzed  both  qualitatively  and  quantitatively  for  minor 
constituents  after  hydrolysis  by  ( i)  alkali,  and  (ii)  snake 
venom  phosphodiesterase. 

The  alkali-hydrolysates  of  the  wheat  germ  s-r ibonuclea tes 
were  fractionated  on  DEAE  cellulose  columns.  The  fractions 
containing  nucleosides  and  nucleoside  diphosphates  accounted 
for  2.6  mole  per  cent  of  the  constituent  nucleotides  of  the 
s-r ibonuclea tes .  The  nucleosides  and  diphosphonucleosides 
derive  from  terminal  groups  and  were  quantitatively  analyzed 
in  order  to  assess  the  chain  length  of  the  s-r ibonucleates . 

The  fraction  containing  alkali-stable  dinucleotides  also 
accounted  for  2.6  mole  per  cent  of  the  constituent  nucleotides 
of  the  s-ribonucleates .  There  were  fifteen  alkali-stable 
dinucleotide  sequences  in  the  s-ribonucleates  and  their  pro¬ 
portions  were  compared  with  the  proportions  of  the  correspond¬ 
ing  sequences  isolated  from  wheat  germ  18S  +  28S  r ibonuclea tes . 

The  products  formed  by  hydrolysis  of  the  s-ribonucleates 
with  purified  snake  venom  phosphodiesterase  were  separated 
by  two-dimensional  paper  chromatography.  The  major  nucleo¬ 
side  5 ' -monophosphates  accounted  for  91  mole  per  cent  of  the 
total  nucleotides  present  in  the  s-ribonucleates.  Pseudo¬ 
uridine  5 ' -monophosphate  accounted  for  2.8  mole  per  cent  of 
the  constituent  nucleotides  of  the  s-ribonucleates  while  the 

iii 


TDA/ireaA 


stsw  .y-no  b»if*aei«  st>dt£«>io<iftotli7-s  &ifT 

k ' 

lonirf  bro'.  .vtorf  b^vX6Af 

e-Xtag  u-*)  (i)  \d  e»cjvioiS>t^  *noo 

.al-Ki  a^iboffqac'dq  trtons^f 

■tftdXt^i^i’jncIf 3- fTTiijp  renriw  -^sfJ  '^■'  ec'i-  'OYH'-if 6A^c  ©ffr 

srfT  .itf,-;  Xo'i  0j30li^ir33  .sAao  rtO  bo:}'6noi,i:>s'il 
r.f*^'T£;ci036  u/1q  r>  &b taoaU’y*!  29hi30?viosf{ 

ar'j  lo  4i jh* a  st9£f:ti ii'no*-:^  9lci.ni  d,l  lal 

f.T<fai  3D  •• '  Dwni^dqaodvTxb  bn^  ^<=?bi  a^js  * >'t?n  ort’i  ,  2^de^lounodi*i-« 

bn-  eT'JOip  »viTteb 

.  e^iJfSrii#  i  - unocfix-s  lo  ifiocfn  sfd?  jraeateB  1^6:10  Cil 

n.’i'.  e*iitlt,^os*Ioun.:b  sldiiJ  [  R.^.Ie  piijni^dna^  nai.30i5-'t^  ©dT 
-Jt  Jbi  I  os  f  OL'n  :♦  ri*:  ti1  i -MaoD  Sift  i'ni*r.  laq  &iom  d.**  JbO^  6©JfiuoDD6 
i#  Ide-tE-i  isMi  6  9itt\K>  f^rsfVT  .  t^i^ie^ItH/nodi'ac-a  ©ff;J  lo 

'  oig  baB  8f^-T66lD.moUi*i-a  ©jfj  nt  abr  t<iftloi/nrib 

-b/joq'i- '3  lo-"*  lo  enoi^-aoqo'Xvi  ad.T  db'iW  b  siurfcioc  easw  mnoiJ'ioq 
a3-»5&l.  f /itvdi  •  -f  iiSi  J5  “^^dw  fTk-i^  bsielofcx  aoorrstipoe  gai. 

■•*  >"  5c  Irturcbi  j-  s*itf  1(.  bs'n-i~»i  aJox?fccr^q  ©rff 

ST tuoE  910W  38&Ta  bonqaDriq  Aioq^  o/6*'!c  t  >  'xitiq  ft:^iw 
arfl  , *^^£>0-3^  iBnoi5»namib-^^^^cC 
Off*  io  Tfida  -xaq  sTor  iP  joi  jbgjftuoD^F  3&3f‘ffq«ioxfqono-'«- '  £  »bie 
-ubrjea'^  ♦  2^ 6'*/ T/junorix'x-a  srf.T  ni  jnsBS-jq  a'c-i j^o^I'J»..n  t63o:J 
io  i  i-io  xsq  sioai  q.^  To^  h^jJntiooof>  3jsrfq£Drrv^-*nrm- * iJ  ©nibiiw 
sjldw  i»^.t)6i*ioanodJti«a  9/i..  lo  asb.^  Xoej^i'n  iJeiioO  9«it 


nucleoside  5 ' -monophosphates  which  have  methyl  substituents 
in  the  heterocycle  (pN^)  accounted  for  5  mole  per  cent  of 
the  constituent  nucleotides  of  the  s-r ibonucleates .  The 
products  formed  by  the  hydrolysis  of  the  s-ribonucleates 
with  whole  snake  venom  were  fractionated  on  DEAE  cellulose 
columns  and  the  fraction  containing  the  2 ' -0-methyl  nucleo¬ 
side  5 ' -monophosphates  accounted  for  1.3  mole  per  cent  of 
the  constituent  nucleotides  of  the  s-ribonucleates. 
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INTRODUCTION 


As  recently  as  1955,  it  was  generally  believed  that  the 
2  -  and  3  * -nucleotides  were  the  sole  products  of  the  alkali 
hydrolysis  of  ribonucleate s  (Brown  and  Todd,  1955) .  However, 
there  have  been  recurrent  reports  that  as  much  as  5  per  cent  of 
the  ultraviolet  absorbing  material  in  the  alkali  hydrolysates  of 
ribonucleate s  from  many  sources  is  non-mononucleotide  in  character. 

Smith  and  Allen  (1953)  used  two-dimensional  paper  chroma¬ 
tography  to  separate  the  components  of  neutralized  alkali  hydroly¬ 
sates  of  yeast  ribonucleate s .  In  addition  to  the  mononucleotides, 
there  were  compounds  which  had  the  properties  of  oligonucleotides. 
These  compounds  gave  a  negative  test  for  deoxyribose  and  yielded 
the  four  bases  adenine,  guanine,  cytosine  and  uracil  when  treated 
with  strong  acid. 

Non-mononucleotide  components  in  neutralized  alkali  hydro¬ 
lysates  of  animal,  plant  and  microbial  ribonucleate s  were  isolated 
by  Smith  and  Dunn  (1959a)  using  a  combination  of  paper  chromato¬ 
graphic  and  electrophoretic  procedures.  The  non-mononucleotide 
components  were  shown  to  be  dinucleotides.  One  of  the  nucleoside 
constituents  of  each  dinucleotide  possessed  an  unusual  sugar  with 
paper  chromatographic  properties  similar  to  2'-  or  3*-0-methyl 
ribose .  Biswas  and  Myers  (1960)  isolated  an  unusual  pyrimidine 
derivative  from  acid  hydrolysates  of  Anacystis  nidulans  ribo- 
nucleates.  This  was  identified  as  a  2'-  or  3 '-0-methyl  ribo¬ 
nucleotide  by  comparison  of  the  constituent  sugar  with  2'-  or  3'- 
0-methyl  ribose. 
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A  requirement  for  base  catalyzed  hydrolysis  of  phosphate 
diesters  is  the  presence  of  a  hydroxyl  group  cis  to  one  of  the 
phosphate  ester  linkages  (Bailly  and  Gaume ,  1955)  .  Brown  and  Todd 
(1955)  showed  that  cyclic  2 ' , 3 ' -phosphodiester  nucleotide  inter¬ 
mediates  were  formed  in  the  acid  and  base  catalyzed  hydrolysis  of 
benzyl  and  methyl  esters  of  2'-  and  3 ‘ -nucleotides .  Alkali  and 
acid  hydrolysis  of  ribonucleates  also  proceeds  via  the  intermed¬ 
iate  formation  of  nucleotide  2 ' , 3 ' -cyclic  phosphates  (Markham  and 
Smith,  1952) .  Substitution  by  an  0-methyl  group  at  carbon  2 '  of 
a  ribose  residue  in  a  ribonucleate  chain  would  block  the  forma¬ 
tion  of  a  2 ',3 '-cyclic  phosphate  and  therefore  the  phosphodiester 
linkage  at  the  3'  position  of  the  2 ’-0-methyl  sugar  would  be 
stabilized  against  alkali  hydrolysis.  Consequently  a  2 '-0-methyl 
riboside  flanked  by  normal  ribosides  would  be  expected  to  appear 
as  part  of  a  stable  dinucleotide  after  alkali  hydrolysis  of 
ribonucleates  in  accordance  with  the  findings  of  Smith  and  Dunn 
(1959a)  . 

Hall  (1963,  1964)  hydrolyzed  ribonucleates  from  several 
sources  by  simultaneous  treatment  with  snake  venom,  and  alkaline 
phosphomonoe sterase .  Using  partition  chromatography  on  celite 
columns,  the  0-methyl  nucleosides  were  isolated  and  shown  to  be 
2 '-0 -methyl  nucleosides  and  not  3 '-0 -methyl  nucleosides.  Morisawa 
and  Chargaff  (1963)  isolated  2 '-0-methyl  guanosine  and  2 '-0-methyl 
cytidine  from  yeast  s-ribonucleates  and  rat  liver  ribonucleates. 
They  suggested  that  2 '-0-methyl  adenosine  and  2 '-0-methyl  uridine 
were  absent  from  the  ribonucleates  examined. 

Hon  jo  e_t  (1964)  have  recently  characterized  the 
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structure  of  the  four  2*— 0— methyl  nucleosides  from  yeast  riho- 
nucleates  by  the  classical  techniques  of  organic  chemistry. 

Singh  and  Lane  (1964a,  1964b)  separated  and  identified 
alkal i — st ab le  dinucleotides  from  alkali  hydrolysates  of  commercial 
yeast  ribonucleates  and  18S  +  28S  wheat  germ  ribonucleates .  The 
existence  of  the  16  possible  dinucleotide  sequences  involving  the 
four  principal  nucleosides  and  2 '-0-methyl  nucleosides  was  demon¬ 
strated  in  both  of  these  ribonucleate  preparations. 

The  available  data  on  the  quantitative  proportions  of  the 
alkali-stable  dinucleotide  sequences  in  18S  +  28S  ribonucleates 
from  wheat  germ,  suggested  that  a  comparison  with  s-ribonucleates 
from  the  same  source  might  be  informative.  From  the  results  of 
an  investigation  of  s-ribonucleates,  significant  quantitative  and 
qualitative  differences  have  been  shown  to  exist  between  the  pro¬ 
portions  of  the  alkali-stable  dinucleotide  sequences  isolated  from 
the  18S  +  28S  ribonucleates  and  the  corresponding  proportions 
found  for  the  s-ribonucleates.  A  description  of  the  work  with 
alkali-stable  dinucleotides  from  wheat  germ  s-ribonucleates  will 
be  the  principal  topic  of  this  dissertation. 
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II.  PREPARATION  OF  WHEAT  GERM  s-RIBONUCLEATES 


The  total  ribonucleates  were  extracted  from  wheat  germ  in 
an  agueous  phenol  emulsion  as  proposed  by  Colter  and  Brown  (1956) 
and  by  Kirby  (1956) .  Freshly  milled  wheat  germ  of  the  Thatcher 
variety  (125  g)  was  shaken  for  20  minutes  at  room  temperature  in 
an  emulsion  composed  of  500  ml  of  0.05  M  phosphate  buffer,  pH  6.8, 
and  500  ml  of  water-saturated  phenol.  The  suspension  was  centri¬ 
fuged  for  15  minutes  at  2,000  r.p.m.  in  an  International  Centri¬ 
fuge  refrigerated  to  2 ° .  In  a  typical  preparation,  aqueous 
layers  from  17  extractions  (17  x  125  g  =  2125  g  wheat  germ)  were 
pooled  and  made  3  M  with  respect  to  sodium  chloride  (Lane  and 
Allen,  1961a)  .  After  a  period  of  18  hours  at  5°,  the  viscous 
suspension  was  centrifuged  to  separate  the  insoluble  ribonucleates. 
The  supernatant  solution  was  carefully  removed  from  beneath  a 
layer  of  phenol  crystals,  and  after  recentrifugation,  the  crude 
s-ribonucleates  were  precipitated  from  the  supernatant  solution 
by  the  addition  of  two  volumes  of  95  per  cent  ethanol  (Lane  and 
Allen,  1961a)  . 

The  suspension  was  allowed  to  precipitate  for  18  hours  at 
5°  before  the  bulk  of  the  supernatant  solution  was  decanted.  The 
s-ribonucleates  collected  by  centrifugation  were  purified  by  the 
method  of  Glitz  and  Dekker  (1963) .  The  combined  pellets  contain¬ 
ing  67,800  s.u.  of  s-ribonucleates  were  dissolved  in  750  ml  of 
water.  One  volume  of  2.5  M  K^HPO^  (750  ml)  and  0.05  volumes  of 
33  per  cent  (37.5  ml)  were  mixed  together  and  added  to  the 
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opalescent  solution  of  s-ribonucleates .  Methyl  Cellosolve  (750 
ml)  was  addod  to  the  phosphate  buffered  solution  of  crude 
s-ribonucleates  and  the  resulting  emulsion  was  shaken  vigorously 
in  a  separatory  funnel.  The  emulsion  was  then  allowed  to  separate 
under  gravity  for  10  minutes.  The  lower  phase  was  re— extracted 
with  150  ml  of  the  upper  phase  of  an  emulsion  made  by  shaking 
equal  volumes  of  water,  2.5  M  K^HPO^ ,  methyl  Cellosolve,  and  0.05 
volumes  of  33  per  cent  H^PO^  in  a  separatory  funnel.  The  combined 
upper  layers  from  the  s-ribonucleate  extractions  were  dialyzed 
against  cold  running  tap  water  for  18  hours. 

The  dialysate  was  made  0.1  M  with  respect  to  TRIS-chloride 
buffer,  pH  7.6,  and  applied  to  a  35  x  4.5  cm  column  of  DEAE- 
cellulose  in  the  formate  form.  The  column  was  washed  with  3  liters 
of  0.1  M  TRIS-chloride  buffer,  pH  7.6,  and  the  s-ribonucleates  were 
eluted  using  a  linear  concentration  gradient  of  sodium  chloride. 

The  gradient  of  sodium  chloride  concentration  increased  linearly 
from  zero  to  a  final  concentration  of  1.0  M  and  the  eluent  was 
buffered  throughout  with  0.1  M  TRIS-chloride,  pH  7.6.  Elution  of 
the  s-ribonucleates  began  after  the  passage  of  1,000  ml  of  the 
gradient  eluent  into  the  column,  when  the  sodium  chloride  concen¬ 
tration  was  approximately  0.5  M.  The  elution  was  followed  by 
measuring  the  ultraviolet  absorption  at  260  m|r .  Fractions  with 
optical  densities  greater  than  2  were  pooled,  made  1  M  with  respect 
to  sodium  chloride,  and  the  purified  s-ribonucleates  were  precipi¬ 
tated  by  adding  2  volumes  of  95  per  cent  ethanol.  After  two  days 
at  5°,  the  s-ribonucleates  were  collected  by  centrifugation. 


TABLE  I 


The  yield  and  purity  of  wheat  germ  s- ribonucleates 
after  each  stage  of  purification 


Stage  of  purification 

Yield  ( s. u. ) 

260  mu 

First  ethanol  precipitation 

67,800 

17 

Methyl  Cellosolve  extraction 

64, 715 

— 

Dialysis 

59, 170 

70 

DEAE-cellulose  chromatography 

48, 600 

163* 

The  purity  of  the  product  varied  with  different  preparations 
but  the  pl%  never  exceeded  187. 

260  mij. 
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washed  three  times  with  95  per  cent  ethanol,  three  times  with 
ether,  and  air-dried.  A  summary  of  the  yield  and  purity  of  the 

^ ate s  at  different  stages  of  purification  is  shown  for 
this  preparation  in  Table  I. 


TABLE  II 


The  quantitative  distribution  of  the  products  of  alkali 
hydrolysis  of  wheat  germ  s-ribonuclea tes* 


Type  of  compound 

s.  u. 

%  total  s.u. 

N 

617 

1.70 

Np  +  N^p 

34, 300 

94.30 

NxpNp 

900 

2.45 

pNp 

600 

1.65 

1.7  g  wheat  germ  s-ribonucleates  was  dissolved  in  35  ml 
of  water,  made  1  M  with  respect  to  sodium  hydroxide  and 
hydrolyzed  for  90  hours.  The  hydrolysate  (36,400  s.u.) 
was  fractionated  on  a  30  x  4.5  cm  DEAE  cellulose  column 
in  the  formate  form. 


III. 


ANALYSIS  OF  ALKALI  HYDROLYSATES  OF  WHEAT  GERM  s-RIBONUCLEATES 


The  data,  quoted  in  sections  (i)  ,  (ii)  ,  (iv)  and  (v)  of 
this  part  of  the  thesis  specifically  pertain  to  the  preparation 
of  s-ribonuclea tes  which  was  described  in  detail  in  Part  II  of 
the  thesis. 

( i )  Conditions  for  hydrolysis  and  the  nature  of  the  products 

A  5  per  cent  aqueous  solution  of  the  s-ribonuclea tes  was 
made  1  M  with  respect  to  alkali  by  the  addition  of  10  M  sodium 
hydroxide  solution,  and  was  then  allowed  to  stand  at  room  temper¬ 
ature  for  90  hours  before  neutralization  with  1  M  formic  acid. 

The  types  and  relative  amounts  of  the  products  formed  by 
alkali  hydrolysis  of  the  s-ribonuclea tes  are  indicated  in  Table 
lie  The  principal  products  are  the  2'-  and  3 '-isomers  of  adenyl¬ 
ate,  guanylate,  cytidylate,  uridylate  and  pseudouridyla te  (Np) , 
together  with  smaller  amounts  of  the  2'-  and  3 '-isomers  of  adenyl¬ 
ate,  guanylate,  cytidylate  and  uridylate  which  have  methyl  substi- 
tuents  in  the  heterocycle  (N  p) .  Quantitative  analysis  of  the  Np 
compounds  is  complicated  by  the  recent  discovery  of  Rdttger  and 
Fritz  (1962)  which  showed  that  the  isomers  of  adenylate,  cytidyl¬ 
ate  and  uridylate  are  partially  destroyed  during  alkali  hydrolysis. 
Quantitative  analysis  of  the  N  p  compounds  is  complicated  by  the 
fact  that  there  are  only  very  small  amounts  of  the  individual 
compounds.  Also  the  possibility  that  the  2'-  and  3 '-isomers  of 
the  N^p  compounds  may  resolve  during  paper  or  column  chromato¬ 
graphic  separations  reduces  the  facility  and  precision  with  which 
they  can  be  analyzed.  These  analytical  drawbacks  do  not  arise  in 
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the  analysis  of  the  corresponding  5 ' -nucleotides  (pN  and  pN^) 
produced  by  phosphodiesterase  hydrolysis  of  s-ribonuclea tes . 
Consequently  hydrolysis  by  phosphodiesterase  has  been  used  to 
estimate  pN  and  pN  (cf.  Part  IV,  (i)  )  and  analyses  of  Np  and  N^p 
in  alkali  hydrolysates  were  not  performed.  At  least  two  of  the 
N  p  compounds,  1— methyl  adenylate  and  7— methyl  guanylate  are 
completely  destroyed  during  alkali  hydrolysis-  (Lawley  and  Brooks, 
1963)  but  the  corresponding  5 ' -nucleotides  are  partially  recover¬ 
able  from  phosphodiesterase  hydrolysates. 

The  nucleosides  (N) ,  alkali-stable  dinucleotides  (NxpNp) 
and  diphosphonucleosides  (pNp)  have  been  examined  carefully  and 
are  not  subject  to  significant  destruction  in  alkali  digests.  It 
has  been  found  that  the  nucleoside  fraction  from  anion-exchange 
separations  contains  not  only  adenosine,  guanosine,  cyt j dine  and 
uridine,  but  also  the  alkali  breakdown  product  of  7-methyl  guanyl¬ 
ate  and  some  adenine.  The  diphosphonucleoside  fraction  contains 
the  2 ',5'-  and  the  3 5 ' -diphosphates  of  adenosine,  guanosine, 
cytidine  and  uridine.  The  total  amount  of  nucleosides  is  equi¬ 
molar  with  the  total  amount  of  diphosphonucleosides  since  they 
derive  from  opposite  ends  of  the  s-ribonucleate  chains.  The 
alkali-stable  dinucleotide  fraction  is  comprised  of  compounds 
which  contain  equimolar  quantities  of  normal  nucleoside  and  2'- 
0-methyl  nucleoside  constituents. 

(ii)  Column  fractionation  of  alkali  hydrolysates  of  s-ribonucleates 

on  DEAE  cellulose 


Neutralized  alkali  hydrolysates  of  s-ribonucleates  were 
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diluted  with  water  to  reduce  the  salt  concentration  to  0.025  M. 
The  diluted  solution  was  applied  to  a  DEAE  cellulose  column  in 
the  formate  form  which  had  been  pre-equilibrated  with  0.025  M 
TRIS— formate  buffer,  pH  7.8.  The  DEAE  cellulose  was  packed 
under  a  pressure  of  5  p.s.i.  into  columns  which  were  either  2.5 
cm  or  4.5  cm  in  diameter  and  had  a  bed  volume  of  90.4  cc  of  DEAE 
cellulose  for  each  10,000  s.u.  of  nucleotide  material  in  the 
charging  solution.  After  the  charging  solution  had  passed 
through  the  column,  elution  was  continued  with  0.032  M  TRIS 
formate  buffer,  pH  7.8,  until  the  optical  density  (260  m^i)  of 
the  effluent  was  zero.  The  principal  nucleate  derivatives  from 
the  charging  and  washing  solutions  were  the  nucleosides  from 
terminal  groups  together  with  small  amounts  of  adenine  and 
2-amino,  6-hydroxy,  5-methyl  formamido,  4-phosphoribosyl  amino 
pyrimidine  from  the  alkali  degradation  of  7-methyl  guanylate. 

Mononucleotides  were  eluted  by  an  aqueous  solution  which 
was  0o085  M  with  respect  to  TRIS  formate  buffer,  pH  7.8,  and 
7  M  with  respect  to  urea.  The  elution  was  continued  until  the 
optical  density  (at  260  miu)  decreased  to  that  of  the  eluting 
buffer  (approximately  0.030). 

The  alkali-stable  dinucleotides  were  then  eluted  by  an 
aqueous  solution  which  was  0.170  M  with  respect  to  TRIS  formate 
buffer,  pH  7.8,  and  7  M  with  respect  to  urea.  The  urea  in  the 
eluent  made  the  elution  pattern  much  sharper  and  eliminated  the 
trailing  of  the  purine  nucleotides  (Tomlinson  and  Tener,  1963) . 
The  elution  was  continued  until  there  was  a  constant  optical 
density  (at  260  m\i)  characteristic  of  the  eluting  buffer 
(approximately  0,030). 
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Diphosphonucleosides  were  eluted  by  a  solution  which  was 
0.25  M  with  respect  to  TRIS  formate  buffer,  pH  7.8,  and  7  M 
with  respect  to  urea  in  the  early  stages  of  investigation.  A 
more  convenient  method  for  the  elution  of  nucleoside  diphosphates, 
which  was  adopted  for  routine  use  in  the  later  stages  of  the 
investigation,  employed  a  volatile  buffer  to  facilitate  desalting 
of  the  effluent.  The  nucleoside  diphosphates  were  eluted  with  1  M 
pyridine  formate,  pH  4.5,  after  careful  washing  of  the  DEAE  cellu¬ 
lose  column  with  water  to  remove  non-volatile  TRIS  formate  and 
urea  from  the  interstices  of  the  column  bed. 

(iii)  Paper  chromatographic  systems  for  separating  nucleate 

derivatives 

The  following  three  systems  have  been  used  for  paper 
chromatographic  separations  of  the  nucleate  derivatives. 

System  1.  Whatman  No.  1  filter  paper  was  impregnated 
with  ammonium  sulfate  by  dipping  the  paper  through  a  solution 
which  was  made  by  mixing  10  volumes  of  saturated  aqueous  ammon¬ 
ium  sulfate  solution  and  90  volumes  of  water.  The  papers  were 
air  dried  by  suspension  in  a  fume  hood.  Chromatograms  were 
developed  by  the  descending  technique  for  a  period  of  18  hours 
using  a.  solvent  composed  of  80  volumes  of  95  per  cent  ethanol 
and  20  volumes  of  water.  Although  a  development  of  18  hours 
was  used  to  separate  most  compounds,  occasionally  shorter 
periods  of  development  were  used.  The  chromatographic  tank  was 
equilibrated  with  the  vapour  of  the  developing  solvent  before 


Ultraviolet  photograph  of  a  one-dimensional  paper  chromatographic 


FIGURE  1 
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use  but  the  papers  were  not  pre— equi librated  with  the  vapour  of 
the  tank  before  development  (Lane,  1963) .  An  ultraviolet  photo¬ 
graph  of  the  chromatographic  separation  of  nucleate  derivatives 
in  this  solvent  is  shown  in  Figure  1. 

System  2.  The  solvent  is  a  slight  modification  of  that 
introduced  by  Markham  and  Smith  (1952) .  Whatman  No.  1  filter 
paper  impregnated  with  ammonium  sulfate  was  used  with  a  solvent 
prepared  by  the  addition  of  2  volumes  of  isopropanol  to  80  vol¬ 
umes  of  saturated  aqueous  ammonium  sulfate.  Chromatograms  were 
developed  by  the  descending  technique  for  a  period  of  15  to  18 
hours „ 

System  3.  In  this  system  the  developing  solvent  was  com¬ 
posed  of  80  volumes  of  95  per  cent  ethanol  and  20  volumes  of  1  M 
ammonium  acetate,  pH  9,5,  saturated  with  boric  acid  (Plesner, 
1955) ,  The  chromatographic  tank  was  pre-equilibrated  by  placing 
2  beakers,  each  containing  100  ml  of  75  per  cent  ethanol,  on  the 
floor  of  the  tank.  The  filter  papers  were  equilibrated  with  the 
vapour  in  the  tank  for  one-half  hour  before  development  of  the 
chromatograms  for  a  period  of  6  hours. 

(iv)  Quantitative  analysis  of  the  nucleosides  and  nucleoside 
diphosphates  derived  from  the  terminal  groups  of 

s-ribonucleates 

The  nucleoside  fraction  from  column  separations  was  de¬ 
salted  by  charcoal  adsorption  and  elution.  An  aliquot  of  the 
nucleoside  fraction  containing  15  s,u,  was  passed  into  a  column 
2,5  cm  in  diameter  which  consisted  of  a.  disc  of  charcoal  (50  mg) 
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packed  between  two  layers  of  celite.  The  column  was  washed  care¬ 
fully  with  200  ml  of  water  and  the  nucleosides  were  eluted  with 
an  eluent  made  by  mixing  60  ml  of  water,  60  ml  of  95  per  cent 
ethanol,  and  4  ml  of  concentrated  ammonium  hydroxide.  The 
effluent  was  evaporated  to  dryness  and  the  nucleosides  were 
recovered  by  rinsing  the  flask  with  2  ml  and  then  again  with  1  ml 
of  water.  The  pooled  washings  (approximately  2.8  ml)  were  evap¬ 
orated  to  dryness  in  a  small  evaporating  tube  and  the  residue  was 
dissolved  in  200  |j,l  of  water  for  chromatography  in  System  1  for 
16  hours.  The  recovery  of  the  nucleosides  from  column  effluents 
was  85  to  90  per  cent. 

Four  bands  of  nucleosides  were  recovered  from  the  chroma¬ 
togram  and  three  of  these,  adenosine,  cytidine  and  uridine 
appeared  to  be  spectropho tome trica lly  pure.  The  guanosine  band 
had  an  unusual  spectrum  and  so  the  nucleosides  from  1.7  gm  of 
s-ribonucleates  were  resolved  by  paper  chromatography  in  System  1 
and  the  material  of  the  guanosine  bands  of  several  chromatograms 
was  eluted,  pooled  and  de-salted  for  further  characterization. 
Paper  chromatography  using  System  3,  separated  the  material  into 
3  bands  which  were  spectrally  characterized,  in  order  of  increas¬ 
ing  value  as  guanosine;  2-amino,  6-hydroxy,  5-methyl  formamido, 
4-phosphoribosyl  amino  pyrimidine;  and  adenine.  The  pyrimidine 
derivative,  a  breakdown  product  of  7-methyl  guanylate  is 
neutral  at  pH  7,8  and  thus  appears  in  the  nucleoside  fraction. 

The  adenine  is  probably  a  breakdown  product  of  adenylate  and  only 
appears  to  be  present  in  measurable  amounts  after  an  extended 
hydrolysis  time  (90  hours) .  Only  36  per  cent  of  the  total 


TABLE  III 


The  nucleosides  and  nucleoside  diphosphates  produced  by 
alkali  hydrolysis  of  wheat  germ  s-r ibonucleates 

(mole  per  100  moles  nucleotides) 


Nucleosides*  Nucleoside  diphosphates 


A 

0.995 

pAp 

0.049 

G 

0.024 

pGp 

1.160 

C 

0.222 

pCp 

0.013 

U 

0.050 

pup 

0.074 

1.291 

1.296 

★ 

Adenine  and  2-amino,  6-hydroxy,  5-methyl  formamido, 
4-phosphor ibosyl  amino  pyrimidine  were  present  in  the 
nucleoside  fraction  and  each  accounted  for  about  0.02 
mole  per  100  moles  of  nucleotides  in  the  s-r ibonucleate 
hydrolysates . 
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ultraviolet  absorption  (260  m|j,)  of  the  guanosine  band  separated 
by  System  1  is  actually  guanosine. 

The  diphosphonucleoside  fraction  which  had  been  eluted 
with  1  M  pyridine  formate  was  evaporated  to  dryness  in  a  "flash 
evaporator".  The  pyridinium  salts  of  the  diphosphonucleosides 
were  converted  to  ammonium  salts  by  dissolution  in  1  M  ammonium 
hydroxide  and  evaporation  to  dryness  in  a  "flash  evaporator". 

The  nucleoside  diphosphates  were  recovered  in  a  small  volume  of 
water  in  the  manner  which  was  described  earlier  for  the  nucleo¬ 
sides. 

In  order  to  obtain  a  reliable  value  for  cytidine  diphos¬ 
phate,  a.  relatively  large  amount  (30  s.u.)  of  the  diphospho¬ 
nucleoside  fraction  was  spotted  for  paper  chromatography  in  2 
dimensions  using  System  1  in  the  first  dimension  and  System  2 
in  the  second  dimension. 

The  proportions  of  nucleosides  and  nucleoside  diphosphates 
are  shown  in  Table  III.  The  methods  provide  for  85  per  cent 
recovery  of  each  nucleoside  and  90  per  cent  recovery  of  each 
nucleoside  diphosphate  and  the  figures  shown  in  Table  III  have 
been  corrected  to  quantitative  recovery.  From  these  end  group 
data,  the  chain  length  of  the  s-ribonucleates  can  be  calculated 
as  the  reciprocal  of  the  sum  of  the  number  of  moles  of  nucleo¬ 
sides  (or  diphosphonucleosides)  per  100  moles  of  total  nucleo¬ 
tides  in  the  alkali  hydrolysates,  and  can  be  seen  to  be  about 

100_  =  77  nucleotide  residues, 

1,29 
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(v)  The  alkali-stable  dinucleotides 

1 .  De-salting  and  recovery  from  column  effluents 

(a)  Ammonium  carbonate  de-salting 

The  effluent,  or  a  fraction  thereof,  containing  approxi¬ 
mately  100  s.u.  of  the  dinucleotides  was  diluted  with  4  volumes 
of  water  before  passage  into  a  6  x  2 . 5  cm  DEAE  cellulose  column 
(carbonate  form) .  The  column  was  carefully  washed  with  500  ml 
of  water  and  the  dinucleotides  were  eluted  with  100  ml  of  1  M 
ammonium  carbonate.  The  effluent  was  lyophilized  to  remove 
ammonium  carbonate  and  the  salt-free  residue  was  dissolved  in 
water.  Efforts  to  remove  ammonium  carbonate  by  evaporation  at 
3o'^-4o'^  in  a  "flash  evaporator"  were  unsuccessful  and  therefore 
an  alternative  method  using  pyridine  formate  as  the  volatile 
salt  was  developed. 

(b)  Pyridine  formate  de-salting 

The  effluent,  or  a  fraction  thereof,  containing  approxi¬ 
mately  100  s.u.  of  the  dinucleotides  was  diluted  with  4  volumes 
of  water  and  passed  into  a  6  x  2.5  cm  DEAE  cellulose  column 
(formate  form) .  The  column  was  washed  with  water  (approximately 
1000  ml)  and  the  dinucleotides  were  eluted  with  100  ml  of  1  M 
pyridine  formate,  pH  4.5.  The  effluent  was  evaporated  to  dryness 
in  a  "flash  evaporator"  at  30°-40°C.  The  pyridinium  salts  were 
converted  to  ammonium  salts  in  the  manner  previously  described 
for  the  nucleoside  diphosphates  and  the  dry  residue  was  dissolved 
in  water  and  concentrated  in  an  evaporating  tube. 

Identical  aliquots  of  the  dinucleotides  were  desalted  by 
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each  of  the  two  methods  and  the  dinucleotides  recovered  were 
dephosphorylated  by  treatment  with  co li  phosphomonoesterase 
at  37  for  90  minutes „  The  dinucleoside  phosphates  were  resolved 
by  paper  chromatography.  Comparison  of  the  proportions  of  the 
dinucleoside  phosphates  recovered  by  the  two  methods  showed  no 
significant  differences  in  the  relative  proportions  of  the 
dinucleoside  phosphates.  The  overall  recoveries  of  the  dinucleo¬ 
tides  by  both  methods  are  similar,  but  the  pyridine  formate 
desalting  method  is  preferred  because  it  is  more  convenient. 

2 .  Separation  of  individual  dinucleotides 

An  aliquot  of  the  large  scale  preparation  of  alkali- stable 
dinucleotides  (798  s.u.)  was  passed  into  a  25  x  1  cm  column  of 
DEAE  cellulose  in  the  formate  form.  The  column  was  washed  with 
one  volume  of  water  and  elution  of  the  dinucleotides  was  begun 
with  1  M  formic  acid,  pH  2  (Lane  and  Allen,  1961b) .  The  first 
peak  from  the  column  (fraction  1)  contained  the  dinucleotides 
AxpAp,  CxpCp,  CxpAp,  AxpCp  and  was  clearly  separated  from  the 
second  peak  (fraction  2)  which  contained  AxpGp,  AxpUp,  GxpAp, 
GxpCp,  CxpGp,  CxpUp,  UxpAp  and  UxpCp.  The  remaining  dinucleo¬ 
tides,  GxpGp,  GxpUp,  UxpGp  and  UxpUp  (fraction  3)  were  eluted 
with  1  M  pyridine  formate,  pH  4.5.  The  pH  value  of  fractions  1 
and  2  was  adjusted  to  4.5  by  adding  1  M  pyridine.  The  three 
fractions  were  evaporated  to  dryness  and  the  pyridinium  salts 
were  converted  to  ammonium  salts  in  the  manner  previously 
described  for  the  diphosphonucleosides .  The  separation  of  the 
dinucleotides  into  fractions  1,  2  and  3  prior  to  resolution  by 


Ultraviolet  photographs  depicting  the  two-dimensional  paper  chrom 
atographic  separation  of  the  components  of  Fractions  1,2  and  3. 
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Fraction  2 


FIGURE  3 
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Fraction  3 


FIGURE  4 
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paper  chromatography  facilitated  the  detection  and  measurement 
of  those  dinucleotides  which  comprised  less  than  2  per  cent  of 
the  total  alkali-stable  dinucleotide  fraction  from  alkali 
hydrolysates  of  s-ribonucleates . 

An  aliquot  of  each  dinucleotide  fraction  (3  [imoles  in 

200  |j.l  of  water)  was  mixed  with  50  jrl  of  1  M  ammonium  formate 
buffer^  pH  9o2,  and  50  |rl  of  _E,  coli  phosphomonoesterase  and 
then  incubated  at  37°  for  90  minutes.  The  resulting  dinucleo¬ 
side  phosphates  were  resolved  by  two-dimensional  paper  chroma¬ 
tography,  System  1  was  used  for  the  first  dimension,  and 
System  2  for  the  second  dimension.  Typical  2-dimensional 
chromatograms  of  fractions  1,  2  and  3  are  illustrated  by  the 

ultraviolet  photographs  in  Figures  2,  3,  4.  The  compounds 
were  eluted  in  water  or  in  0.1  N  hydrochloric  acid  (for  quanti¬ 
tative  analysis)  and  were  spectrophotome trically  characterized 
between  230  m\i  and  340  mjj,  using  the  Bausdi  and  Lomb  recording 
spectrophotometer.  When  two  isomers  were  not  resolved  by 
2-dimensional  paper  chromatography,  the  relative  amounts  of 
each  were  determined  from  the  proportions  of  the  hydrolysis 
products  which  were  formed  by  phosphodiesterase  hydrolysis  as 
described  in  section  3(b)  of  this  part  of  the  thesis. 

3 .  Characterization  of  individual  dinucleotides 

(a)  Spectrophotome trie  characterization 

Spectral  comparison  with  an  authentic  series  of  alkali- 
labile  dinucleotides  (Lane  and  Allen,  1961b)  at  pH  values  2,  7 
and  12  permitted  a  preliminary  assignment  to  be  made  of  the 
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identity  of  the  dinucleoside  phosphates „ 

(b)  Enzymic  degradation 

Each  dinucleoside  phosphate  from  two-dimensional  paper 
chromatograms  was  eluted  in  water  and  desalted  on  a  charcoal 
column  for  characterization  by  enzymic  degradation  to  the  com¬ 
ponent  2 '-0-methyl  nucleoside  and  normal  5 ' -nucleotide . 

NxpN'  - Nx  +  pN' 

Approximately  2  s.u.  of  each  dinucleoside  phosphate  in  200  \il 
of  water,  was  mixed  with  50  \il  of  1  M  ammonium  formate  buffer, 
pH  9.2,  and  200  \il  of  snake  venom  phosphodiesterase  and  the 
digest  was  incubated  for  24  hours  at  37°.  The  hydrolysis 
products  were  resolved  by  paper  chromatography  in  System  3  and 
were  characterized  spectrophotometrically .  The  amounts  of 
2 '-0-methyl  nucleoside  and  5  * -nucleotide  were  equimolar  in  all 
cases  o 

Chromatography  in  System  3  provides  partial  characteri¬ 
zation  of  the  products  on  the  basis  of  chromatographic  mobili¬ 
ties  since  the  2 '-0-methyl  nucleosides  do  not  complex  with  the 
borate  in  the  developing  solvent  and  move  near  the  solvent 
front  whereas  the  5 ' -nucleotides  complex  with  the  borate  and 
move  only  a  short  distance  from  the  origin.  Supplementary 
chromatographic  characterization  of  the  compounds  using  System 
1  for  separation  of  the  products  was  obtained  in  many  cases. 
Thus,  when  isomeric  pairs  of  dinucleoside  phosphates  such  as 
AxpG  and  GxpA,  appeared  in  the  same  spot  after  two-dimensional 


Ultraviolet  photographs  of  one -dimensional  paper  chromatograms 
showing  the  resolution  of  the  products  formed  by  phosphodiesterase 
hydrolysis  of  various  dinucleoside  phosphates. 


System  1 


FIGURE  6 


-18- 


chromatography^  the  four  products  formed  by  phosphodiesterase 
hydrolysis  (Ax,  Gx,  pA,  pG)  did  not  resolve  in  System  3,  while 
satisfactory  resolution  was  possible  in  System  1.  The  hydrolysis 
products  formed  by  phosphodiesterase  treatment  of  the  unresolved 
isomers  UxpC  and  CxpU  were  also  separated  by  one— dimensional 
paper  chromatography  in  System  1.  The  remaining  pair  of  isomers 
which  did  not  separate  adequately  in  two-dimensional  paper 
chromatograms  were  GxpU  and  UxpG,  but  in  this  instance  the 
products  from  phosphodiesterase  treatment  were  nearly  resolved 
in  system  3  and  completely  resolved  by  one-dimensional  chroma¬ 
tography  using  system  1,  Ultraviolet  photographs  of  chromato¬ 
grams  in  Figures  5  and  6  illustrate  the  separation  of  the 
hydrolysis  products  from  several  dinucleoside  phosphates  using 
chromatographic  systems  3  and  1. 


(c)  Periodate  degradation 

A  portion  of  the  dinucleoside  phosphate  fraction  was 
characterized  by  periodate  oxidation  followed  by  alkaline 
decomposition  at  pH  8  and  60^^  (Neu  and  Heppel,  1964)  .  The 
products  were  the  component  2 '-0-methyl  nucleoside  3 ' -phosphates 
and  the  normal  bases, 

-  ^°4" 

NxpN - Nxp  +  n' 

The  dinucleoside  phosphate  fraction  (15  s.u.  per  100  |i.l)  was 
treated  with  100  M.1  of  0.5  M  sodium  metaperiodate  and  100  ^il 
of  1  M  lysine,  pH  8,  for  2.5  hours  at  60°.  After  the  initial 
incubation,  100  !.l1  of  1  M  glycol  was  added  and  the  resulting 
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TABLE  IV 


Comparison  of 
the  same 


the  quantities  of  Nxp  and  pNx  recovered  from 
preparation  of  wheat  germ  s-r ibonucleates 


(mole/100  moles  of  nucleotides) 


Ax 

Gx 

* 

Cx 

Ux 

Total*** 

3 phosphates 

0.03 

0.44 

0.21 

0.35 

0.09 

1.12 

5 phosphates 

0.02 

0.42 

0.38 

0.28 

0.14 

1.24 

Much  Cxp  was  lost  when  the  DEAE  cellulose  column  was  eluted  with 
the  0.07  M  TRIS  formate  eluent  used  to  remove  iodate  from  the 
column . 

**The  (i^xp  had  the  value  expected  for  this  compound  but  did  not 
give  a  satisfactory  spectrum  in  alkaline  solution.  The  p^x 
had  the  expected  R^  value  but  appeared  to  be  contaminated  with 
other  material  since  the  bathochromic  shift  in  alkali  was  not  as 
great  as  expected. 


The  pNx  values  quoted  are  the  averages  of  two  determinations. 
The  values  of  both  the  Nxp  and  the  pNx  were  not  corrected  to 
quantitative  recovery. 
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solution  was  allowed  to  stand  at  room  temperature  for  20  min¬ 
utes  before  dilution  to  50  ml.  The  diluted  solution  was 
applied  to  a  3.8  x  2.5  cm  DEAE  cellulose  column  (formate  form) 
for  separation  of  the  bases  from  the  2 ' —0— methyl  nucleoside 
3  —phosphates.  The  column  was  washed  with  water  until  the 
optical  density  of  the  effluent  was  zero.  The  effluent  from 
the  charging  and  washing  solutions,  which  contained  the  bases, 
was  desalted  on  a  charcoal  column  as  described  earlier  for  the 
nucleosides  in  Part  III  (iv)  of  the  thesis.  The  column  was 
washed  with  0.07  M  TRIS-formate  buffer,  pH  7.8,  to  remove  the 
iodate.  The  TRIS-formate  was  removed  by  a  thorough  washing 
of  the  column  with  water,  and  the  2 ' -0-methyl  nucleoside 
3 ' -phosphates  were  eluted  with  pyridine  formate  and  concentra¬ 
ted  into  a  small  volume.  Both  fractions  were  separated  by 
chromatography  in  system  1  for  15  hours.  The  proportions 
found  for  the  Nxp  derivatives  are  compared  in  Table  IV  to 
those  values  obtained  for  the  pNx  derivatives  (cf.  Part  IV, 
ii) .  The  fraction  containing  the  bases  was  unusual  as  no 
compound  with  the  spectrophotometr ic  properties  of  uracil  was 
obtained.  The  yields  of  the  other  bases  were  low,  and  two 
unusual  bands  with  R^  values  greater  than  uracil  but  with  dis¬ 
similar  spectrophotometr ic  properties  were  detected. 

4 .  Results  of  the  quantitative  analysis 

The  actual  recovered  amounts  of  individual  dinucleo¬ 
tides,  expressed  as  mole  percentages,  are  shown  in  the  first 
column  of  Table  V.  The  molar  quantity  of  the  nucleotides  in 
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tli6  alkali  liydrolysate  from  whicli  tine  dinuclGotidos  wer©  iso¬ 
lated  was  calculated  by  dividing  the  total  absorbance  (260  m(r) 
of  the  neutralized  hydrolysate  by  the  mean  molar  extinction 
coefficient  of  the  nucleotides  at  pH  7.  The  mean  molar  extinc¬ 
tion  coefficient  of  the  nucleotides,  based  on  the  analytical 
composition  of  the  s-ribonucleates  was: 

(15x10^x2 3.1) +(11. 4x10^x30. 6) +(7.5x10^x27. 6) +(10. 0x10^x18. 7) 

Too 

=  11  X  10^ 

The  molar  quantity  of  each  dinucleotide  was  obtained  by  divid¬ 
ing  the  total  absorbance  (260  mp)  of  the  compound  recovered 
from  two-dimensional  chromatograms  by  the  molar  extinction 
coefficient  of  the  dinucleotide.  The  molar  extinction  co¬ 
efficient  of  each  dinucleotide  was  calculated  as  the  sum  of 
the  molar  extinction  coefficients  of  the  constituent  nucleo¬ 
sides  . 

The  actual  recovered  amount  of  each  dinucleotide,  shown 
in  column  2  of  Table  V,  can  be  corrected  to  give  the  true 
amount  of  each  dinucleotide  as  a  mole  percentage  of  the  total 
constituent  nucleotides  of  the  s-ribonucleates  (%M) .  The  per 
cent  recoveries  of  the  dinucleotides  observed  during  the 
various  steps  in  their  isolation  agree  with  known  recoveries 
of  other  nucleate  derivatives  during  the  same  procedures,  and 
it  is  therefore  assumed  they  are  true  recoveries  of  dinucleo¬ 
tide  material.  Thus  the  values  of  °/M  in  the  third  column  of 
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Table  V  were  obtained  by  multiplying  the  actual  recovered 
^  ^  .  .  100 

amount  of  each  dinucleotide  by  95  (the  reciprocal  of  the  per 
cent  recovery  during  desalting),  igO  (^he  reciprocal  of  the 
per  cent  recovery  during  the  second  column  fractionation) ,  and 
-igg  (the  reciprocal  of  the  per  cent  recovery  from  paper  chroma¬ 
tograms)  .  The  correction  factor  to  convert  the  actual  recov¬ 
ered  amounts  to  guantitative  values  is  therefore j 


(lOOx  .100.  .100. 
^  95^  ^  95-'  ^  85^ 


1.30 


In  order  to  compare  the  relative  amounts  of  the  various 
dinucleotide  sequences  in  the  s-r ibonucleates ,  it  is  useful  to 
express  the  values  for  individual  dinucleotides  as  mole  percen¬ 
tages  of  the  total  dinucleotides  (%D) .  Since  there  is  no 
destruction  or  non-uniform  loss  of  dinucleotides  during  isola¬ 
tion,  the  comparisons  are  valid  for  any  given  preparation  of 
s-ribonucleates  and  are  independent  of  the  recoveries  of  the 
dinucleotides.  The  values  for  %D  in  the  fourth  column  of  Table 
V  are  calculated  by  dividing  the  actual  recovered  amounts  of 
each  dinucleotide  (column  2  of  Table  V)  by  the  sum  of  the 
recovered  amounts  of  all  the  dinucleotides  (the  sum  of  the 
figures  in  column  2  of  Table  V) . 

The  values  for  the  quantitative  recovery  (%M)  of  the 
dinucleotides  can  be  checked  by  converting  %D  to  %M.  Assuming 
all  the  s.u.  in  the  dinucleotide  fraction  from  the  initial 
column  separation  are  contributed  by  dinucleotides,  then  the 
total  amount  of  all  dinucleotides  expressed  as  %M  would  be: 
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(s.u.  in  the  dinucleotide  fraction) 

(mean  molar  extinction  coefficient  of  the  dinucleotides) 

(s»u.  in  the  hydrolysate) 

(mean  molar  extinction  coefficient  of  the  nucleotides) 


The  mean  molar  extinction  coefficient  (260  miu)  of  the 
dinucleotides  in  the  hydrolysates  of  s-r ibonucleates  at  pH  7.8 
is  calculated  using  the  observed  recoveries  and  the  molar  ex- 

■k 

tinction  coefficients  of  the  dinucleotides.  The  total  amount 
of  dinucleotides,  expressed  as  %M  would  then  be: 


100  X 


900 

19.6 

36400 

11 


1.39 


The  amount  of  each  dinucleotide  expressed  as  %M  was 
calculated  by  multiplying  the  %D  of  each  dinucleotide  (ex¬ 
pressed  as  a  decimal  fraction)  by  1.39.  The  values  obtained 
by  this  calculation  are  shown  in  column  5  of  Table  V.  The 
similarity  of  the  values  for  %M  in  columns  3  and  5  lends 
strong  support  to  the  assumptions  that  the  presumed  recoveries 
are  accurate  and  that  all  the  s.u.  in  the  dinucleotide  frac¬ 
tion  are  attributable  to  dinucleotides. 

( vi)  Reproducibility  of  the  analytical  data 

Earlier  analyses  were  performed  in  the  course  of  refin¬ 
ing  the  experimental  techniques  and  the  accumulated  data  show 

*103x  (0.00 3x29. 8) +(0.001x26. 3) +(0.0 32x26. 3) +(0.192x2 3.4)+ 

1.049 

(0.082x19. 3) +(0.051x21. 7) +(0.048x19. 5) +(0.066x15.1) +(0.209x17. 5) 

1.049 

+  (0.007x24. 9) +  (0.080x2 1.7) +  (0.099x17. 5) +  (0.091x19. 9) +  (0.022x14. 9) 

1.049 

=  19.6x103 

1 .  u+y 


TABLE  VII 


Dinucleotide  analyses  of  alkali-hydrolysates  of  several 


wheat  germ  s-ribonucleate  preparations 


Dinucleotide 

sequence 

(Expressed  as 

1  2 

%D;  mole/100  moles  of  dinucleotides) 

Mean 

345  values 

AxpAp 

1.4 

3.0 

0.3 

0.3 

0.9 

1.2 

AxpGp 

0.4 

0.9 

0.4 

0.1 

0.3 

0.4 

AxpCp 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

AxpUp 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

GxpAp 

3.5 

7.5 

2.9 

3.0 

7.8 

4.9 

GxpGp 

19.5 

13.6 

12.1 

18.0 

16.2 

15.9 

GxpCp 

7.7 

10.9 

5.1 

7.9 

10.5 

8.4 

GxpUp 

5.4 

4.4 

4.2 

4.0 

3.9 

4.4 

CxpAp 

5.0 

7.1 

6.8 

4.8 

6.8 

6.1 

CxpGp 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

CxpCp 

6.5 

6.0 

10.3 

6.7 

7.2 

7.4 

CxpUp 

18.2 

22.1 

24.3 

19.2 

17.1 

20.2 

UxpAp 

1.7 

0.2 

0.0 

0.6 

3.4 

1.5 

UxpGp 

7.5 

5.6 

5.8 

8.3 

6.1 

6.7 

UxpCp 

7.6 

9.3 

13.9 

10.3 

10.7 

10.4 

UxpUp 

9.2 

8.3 

7.4 

8.6 

8.5 

8.4 

(l^xpCp 

2.3 

0.0 

2.0 

2.2 

0.0 

2.2 

^xpUp 

5.1 

1.8 

4.4 

6.1 

2.5 

4.0 
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that  there  is  little  variation  among  the  nucleoside,  diphos- 
phonucleoside  and  dinucleotide  proportions  of  several  inde¬ 
pendent  preparations  of  s-r ibonucleates .  The  earlier  analyses 
of  the  dinucleotides  were  performed  without  a  preliminary 
column  separation  into  fractions  1,  2  and  3.  It  might  have 

been  expected  that  the  measured  proportions  of  the  dinucleo¬ 
tide  sequences  in  the  s-r ibonucleates  would  vary  from  one 
preparation  to  another  since  there  is  an  average  of  only  one 
dinucleotide  sequence  per  chain.  Loss  of  any  given  type  of 
s-ribonucleate  chain  during  isolation  could  result  in  the 
specific  loss  of  one  type  of  sequence.  However,  in  practice, 
there  have  been  no  striking  differences  in  the  relative  or 
absolute  amounts  of  the  dinucleotides  from  one  preparation  to 
another.  Analyses  for  the  relative  amounts  of  isomeric  pairs 
such  as  UxpCp  and  CxpUp  were  not  done  on  all  preparations,  but 
where  analyses  were  performed  they  agreed  well  with  the  results 
of  section  (v)  . 

The  data  for  several  nucleoside  and  diphosphonucleos ide 
analyses  are  given  in  Table  VI.  The  data  presented  in  Table 
VII  show  the  analyses  of  the  dinucleotide  fractions  from  several 

preparations . 
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IV,  ANALYSIS  OF  SNAKE  VENOM  PHOSPHODIESTERASE  HYDROLYSATES 


OF  WHEAT  GERM  s-RIBONUCLEATES 

( i )  Hydrolysis  of  s-ribonucleates  by  purified  snake  venom 

phosphodiesterase 

1 „  Conditions  for  hydrolysis  and  the  nature  of  the  products 

The  s-ribonucleates  (50  mg)  were  dissolved  in  5  ml  of 
water  and  the  resulting  solution  was  mixed  with  2.5  ml  of  1  M 
ammonium  formate  buffer,  pH  9.2,  and  2.5  ml  of  purified  phos¬ 
phodiesterase  devoid  of  phosphomonoesterase  activity.  The 
hydrolysate  was  incubated  at  37°  for  24  hours.  The  phosphodi¬ 
esterase  hydrolyzed  about  15  mg  of  the  ribonucleates  to  5'- 
nucleotides  during  the  first  hour  of  digestion  under  these  con¬ 
ditions,  and  digestion  was  complete  after  24  hours. 

The  principal  products  of  hydrolysis  are  the  major  5'- 
I0O t i de s  (pN)  together  with  smaller  amounts  of  the  5  — 
nucleotides  which  have  methyl  substituents  on  the  heterocycle 
(pN^)  and  on  the  2'-position  of  ribose  (pNx) . 

2.  Analysis  of  the  major  5 ' -nucleotides  and  the  minor 

5 ' -nucleotides  which  have  methyl  substituents  on  the 

heterocycle 

The  hydrolysis  products  produced  by  purified  snake  venom 
phosphodiesterase  hydrolysis  of  the  s-ribonucleates  were 
separated  by  two-dimensional  paper  chromatography,  using  System  1 
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TABLE  VIII 


The  analytical  composition  of  phosphodiesterase 
hydrolysates  of  wheat  germ  s-r ibonucleates 


Component 

Molar  extinction 
at  260  m|u  (x 

coef f icient 
10-3) 

Mole  per  cent  of  to 
5 ' -nucleotides 

pA 

14.2 

19.8 

(23.2)* 

pAx 

14.2 

0.023 

(  0.60) 

IMepA 

14.2 

0.19 

N^MepA 

17.7 

0.78 

A 

14.3 

0.039 

pG 

11.8 

29.3 

(30.1) 

pGx 

11.8 

0.41 

(  0.44) 

iMepG 

12.2 

0.78 

7MepG 

11.8 

0.19 

N^MepG 

13.1 

0.29 

, N^diMepG 

14.5 

0.58 

G 

11.8 

0.058 

pC 

6.2 

26.3 

(24.8) 

pCx 

6.2 

0.37 

(  0.42) 

SMepC 

3.2 

1.46 

C 

6.4 

0.039 

pU 

10.0 

15.7 

(18.1) 

pUx 

10.0 

0.29 

(  0.51) 

SMepU 

8.7 

0.68 

U 

10.0 

0.029 

Pp 

7.5 

2.8 

(  1.8) 

pipx 

7.5 

0.16 

Values  in  parentheses  are  the  corresponding  figures  for 
18S  +  28S  r ibonucleates . 
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Ultraviolet  photograph  of  a  two-dimensional  paper 
chromatogram  showing  the  separation  of  the  products 
formed  by  phosphodiesterase  hydrolysis  of  wheat  germ 

s-ribonucleates . 


FIGURE  7 
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in  the  first  dimension  and  System  2  in  the  second  dimension. 
Approximately  60  SoU„  of  the  nucleotide  material  was  spotted 
for  chromatographic  separation  and  the  separated  compounds  were 
eluted  in  Ool  M  hydrochloric  acid.  An  ultraviolet  photograph 
of  a  typical  chromatogram  is  shown  in  Figure  7. 

The  major  components  were  eluted  in  25  -  50  ml  of  0.1  M 
hydrochloric  acid  solution  and  the  minor  components  were  eluted 
in  2  -  4  ml  of  0 . 1  M  hydrochloric  acid  solution.  The  molar 
quantities  of  the  components  were  estimated  from  their  absorb¬ 
ance  at  260  mji,  using  the  molar  extinction  coefficients  listed 
in  Table  VIII „  The  mean  results  of  several  analyses  are  shown 
in  Table  VIII  and  the  values  for  minor  components  seldom  showed 
greater  than  +  10  per  cent  variation  for  independent  prepara¬ 
tions  of  the  s-ribonucleates .  In  most  instances  there  are  five 
or  six  determinations  contributing  to  the  mean  values  of  Table 
VIII.  It  is  notable  that  the  values  for  the  major  components 
showed  less  than  +  2  per  cent  variation  from  one  preparation  to 
another . 

The  figures  quoted  for  the  four  nucleosides  and  1-MepA 
in  phosphodiesterase  hydrolysates  were  obtained  by  passage  of 
the  hydrolysate  through  a  DEAE  cellulose  column  and  analysis  of 
the  material  which  did  not  adsorb  to  DEAE  cellulose. 

The  molar  extinction  coefficients  of  plST^  compounds  were 
taken  to  be  the  same  as  the  values  for  the  nucleosides  which 
were  quoted  by  Dunn  ^  aj..  (Littlefield  and  Dunn,  1958;  Smith 
and  Dunn,  1959b) ,  and  the  molar  extinction  coefficients  of  pNx 
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compounds  were  presumed  to  be  identical  with  those  of  the  corre¬ 
sponding  pN  compounds.  The  molar  extinction  coefficient  of 
5-MepC  was  presumed  to  be  the  same  as  the  value  for  the  corre¬ 
sponding  deoxyribonucleotide  and  the  extinction  coefficients  of 
1-MepA  and  7-MepG  were  presumed  to  be  the  same  as  the  values  for 
pA  and  pG,  respectively. 

3 ,  The  rate  of  hydrolysis  of  different  internucleoside  linkages 

by  snake  venom  phosphodiesterase 

Nihei  and  Cantoni  (1963)  used  purified  snake  venom  phos¬ 
phodiesterase  to  hydrolyze  s-ribonucleates  by  the  step-wise 
removal  of  5 ' -mononucleotides  from  the  5 '-linked  terminus.  It 
was  assumed  that  the  enzyme  had  no  substrate  preference,  and 
would  attack  different  internucleoside  linkages  at  the  same  rate. 
Comparison  of  the  rates  of  phosphodiesterase  hydrolysis  of  two 
different  substrates  shows  this  assumption  to  be  gues tionable . 

The  alkali- labile  dinucleotide,  ApAp,  and  the  alkali- 
stable  dinucleotide,  AxpAp,  were  isolated  from  18S  +  28S  ribo- 
nucleates  and  hydrolyzed  with  phosphodiesterase  after  dephos¬ 
phorylation  to  ApA  and  AxpA,  respectively. 

A  comparison  of  the  hydrolysis  rates  of  18S  +  28S  ribo- 
nucleates,  ApA  and  AxpA  by  snake  venom  phosphodiesterase  is 
shown  in  Figure  8.  Ribonucleate  digestion  was  followed  by 
measuring  the  release  of  5 ' -nucleotides  as  products  soluble  in 
trichloroacetic  acid  solution  while  dinucleoside  phosphate 
hydrolysis  was  measured  by  paper  chromatographic  separation  of 


The  rates  of  hydrolysis  of  ApA,  AxpA  and  ribonucleates  by 


purified  snake  venom  phosphodiesterase 


FIGURE  8 
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substrate  and  products  using  System  2.  The  digestions  were  per¬ 
formed  in  0o25  M  ammonium  formate  buffer,  pH  9.2,  with  a  substrate 
concentration  equivalent  to  about  11  irmoles  of  constituent 
nucleotides  per  ml  of  digest.  The  enzyme  concentration  in 
dinucleoside  phosphate  digests  was  80  per  cent  of  the  concentra¬ 
tion  used  for  ribonucleate  digestion.  Column  purified  _E.  coli 
phosphomonoesterase  (50  \il  per  ml  of  digest)  was  added  to  one  of 
the  AxpA  digests  as  indicated  in  Figure  8. 

It  is  evident  that  the  rates  of  hydrolysis  of  internucleo¬ 
side  linkages  in  ribonucleates  and  in  ApA  are  similar  but  that 
the  hydrolysis  of  AxpA  proceeds  more  slowly.  The  rate  of  hydro¬ 
lysis  of  AxpA  is  very  similar  to  that  for  ApA  when  phosphomono¬ 
esterase  is  present  and  this  indicates  that  AxpA  hydrolysis  by 
phosphodiesterase  is  severely  inhibited  by  the  5-nucleotide,  pA. 
The  extent  of  pN-inhibition  of  the  hydrolysis  of  NxpN  linkages 
in  ribonucleate  chains  may  not  be  as  great  as  found  for  the 
dinucleoside  phosphate  but  the  result  with  the  dinucleoside 
phosphate  seems  to  warrant  caution  in  the  interpretation  of 
results  such  as  those  obtained  by  Nihei  and  Cantoni  (1963) . 

Any  attempt  to  assess  the  spatial  distribution  of  Nx  and  N 
residues  in  ribonucleate  chains  by  hydrolysis  with  snake  venom 
phosphodiesterase  would  need  to  be  predicated  on  a  more  exten¬ 
sive  investigation  of  the  type  outlined  above. 
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{ ii)  Hydrolysis  of  s-r ibonuclea tes  by  whole  snake  venom 

1 .  Conditions  for  hydrolysis  and  the  nature  of  the  products 

The  s-r ibonucleates  (50  mg)  were  dissolved  in  5  ml  of 
water  and  the  resulting  solution  was  mixed  with  2 . 5  ml  of  1  M 
ammonium  formate  buffer,  pH  9.2,  and  2.5  ml  of  a  0.25  per  cent 
aqueous  solution  of  Russell  Viper  Venom.  The  hydrolysate  was 
incubated  at  37°  for  24  hours  before  neutralization  with  1  M 
formic  acid. 

The  principal  products  formed  are  the  nucleosides 
adenosine,  guanosine,  cytidine,  uridine  and  pseudouridine  (N) , 
together  with  small  amounts  of  the  nucleosides  which  have 
methyl  substituents  on  the  heterocycle  (N  ) .  The  2 ' -0-methyl 
nucleoside  5 ' -phosphates  are  not  dephosphoryla ted  by  the 
5 ' -nucleotidase  in  whole  snake  venom  (Hon  jo  ejt  a_l .  ,  1964)  and 

can  be  easily  separated  from  the  bulk  of  the  hydrolysis  pro¬ 
ducts  which  have  been  dephosphorylated . 

2 .  Analysis  of  the  minor  5 ' -nucleotides  having  2 ' -0-methyl 

substituents 

The  whole  snake  venom  hydrolysates  of  s-r ibonucleates 
were  neutralized  after  dilution  to  100  ml  with  water.  The 
diluted  solution  was  applied  to  a  6  x  2 . 5  cm  DEAE  cellulose 
column  in  the  formate  form,  which  had  been  pre-equilibrated 
with  0.025  M  TRIS-formate  buffer,  pH  7.8.  After  the  charging 
solution  had  passed  through  the  column,  elution  was  continued 
with  0.032  M  TRIS-formate  buffer,  pH  7.8,  until  the  optical 


V 


8f;5 


m  ojy  d i‘i~3R  ^o  ^x^YXo^byH  .( 1  i ) 

.  • 

,  r  .  '■p'  .  ^ 

»i«vIf'"s.bY^./tj9l  g/!QljxbnoQ^  ,I 

:o  ir,  d  aJ  i  b  st:w^  it^o  0$)  Cdi  Be  I  DJJn^oi  3*8  edT 

M  f  lo  LJti  f'J'vf  b93Uj:{  *-&w  nai3uio«  t>atiivieo3  sHi  bns 

~~  h 

.7neo  3eq  eS.O  a  '5*3  Ejrt  ^ .%  fortjs  .’t .  P  r?q  moihomr;iiB 

s&iBtV'Xo‘-f>Yf<  erPf  .monoV  :K>qj^V  ils^mun  ncl.:ft/Xo«  at/osi/pifi 
W  1  ri-fiw  noi  16411  f  1  m :? Lrert  ^3t'Ort  4*S  tol  3^8 

-’ -  .biofi  aimio^ 

*->^1  b->ttnb’l  iBqtofdjq  arfT 

,  (Pi)  enxb:  y Aru  (  i'iy  :3jiib,:/jw  ,ot^^bi3YO  ydnlBCnBup  ,aaii|o/l»b6 

O  'bK  4i>bii»r  ilbs/r*  !io  aJautmB  I  i  yroa  ff:t.i;w  3«ft3dpoi 

i.vriem-0-  '^  &:T!  ,  ■? offj  HO  ?».tn^fjii38di/a’  Ixfftem 

VQ  fc5>5<> ivic)]rt<5^or(qet>  ion  a’XB  a&lsdqeorfq- 'S  ^bl&o9iotJtt 

n 

_  biiB  . ‘1^  /«  inonev  AtoHw  ni  aasbi:lod Iduh- '  S 

-<p>3q  ^irvibibyr^  ^rC:?  io  odvd  &d’9  m6i,\  6e.‘e teepee  yXiaed  od  nso 

^  i  ■ 

.b&3B  ly3oii<.»8g*'fo'*h  nebd  »v6tf  rf^iffw  a^DiJb 


i\<f  j  aiu-O"  *  i^DjLX<‘4d  joniy.  )o  a 

i-a  lo  8BJ6?iyfo3byrt  imnav  a?(f>fia  alodw  ar|T  ;  .‘ 

^(fr  *3f*:t6"wf  Jm  Obi  izotiuXib  letflfc  tasllcx^wsfi  axav 

j 

♦20 111! 2^3a  mo  X  0  ^  oi  bsJtiqqe  noi^i/.Xoe  baJulib 

f  ■  ■ 

N^jaxdiij  *  iq  /T^orf  dairfw  erfi  nJt  nmuloo 

p/jxurBilo  art'*  is^^A  .0  4 V  Ha  e^Bfnxoi-2XOT  M  220.0  ff:Jiw 

-  -  •  ,  -  •  — *,  ^  .. ,,,^ .  -^, 

bejutiilnr  j  rxo^Jwia  ^fiinulo:^  9rf3  ff^L*03f(J  f>ea«eq  bsri  noi^wlcja 
I»ipfi.-3qo  rdt  liJjiu  .fi,V  ,3oiiig'd  9ir»mxoi-EiqT  M  2X0,0 


-29- 


density  (260  m(i)  of  the  effluent  was  zero.  The  effluent  from 
charging  and  washing  contained  only  nucleosides  and  was  dis¬ 
carded  . 

The  2 '-0-methyl  nucleoside-5 ' -phosphates  were  eluted  by 
an  aqueous  solution  which  was  0.085  M  with  respect  to  TRIS- 
formate  buffer,  pH  7.8  and  7  M  with  respect  to  urea.  The 
elution  was  continued  until  the  optical  density  (260  m(j.) 
decreased  to  that  of  the  eluting  buffer  (approximately  0.030). 

The  effluent  was  diluted  with  four  volumes  of  water  and 
passed  into  a  6  x  2.5  cm  column  of  DEAE  cellulose  (formate 
form) .  The  column  was  washed  thoroughly  with  water  and  the  pNx 
compounds  were  recovered  in  the  same  manner  as  previously 
described  for  the  diphosphonucleosides  (Part  III,  iv) .  An 
aliquot  of  the  pNx  fraction  (7  s.u.)  was  subjected  to  paper 
chromatography  in  System  1  and  the  bands  corresponding  to  pAx, 
pGx,  pCx,  pUx  and  p((/x  were  eluted  and  spectrophotometrically 
characterized.  The  results  of  the  quantitative  analyses  for 
pNx  compounds  are  shown  in  Tables  IV  and  VIII. 

(iii)  Summary  of  data  on  the  nucleotide  composition  of  wheat 

germ  s-ribonucleates 

The  four  principal  5 ' -nucleotides  (pA,  pG,  pC  and  pU) 
account  for  about  91  mole  per  cent  of  the  total  nucleotides 
formed  by  phosphodiesterase  hydrolysis  of  wheat  germ 
s-ribonucleates.  The  minor  component  with  the  unique  C-ribosyl 
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linkage,  5 ' -pseudouridylate ,  accounts  for  2.8  mole  per  cent  of 
the  total  nucleotides.  The  remaining  5 ' -nucleotides  have  a 
methyl  substituent  in  either  the  heterocycle  (pN  ) ,  or  in  the 
sugar  (pNx) ,  and  they  account  for  about  5  mole  per  cent  and  1.3 
mole  per  cent  of  the  total  nucleotides,  respectively. 

The  findings  with  s-ribonucleates  contrast  with  the 
results  of  corresponding  analyses  of  the  18S  +  28S  ribonucleates 
from  wheat  germ,  where  the  principal  5 ' -nucleotides  account  for 
about  96  mole  per  cent,  5 ' -pseudouridylate  accounts  for  1.8  mole 
per  cent  and  the  pNx  compounds  account  for  2  mole  per  cent  of 

X 

the  total  nucleotides,  while  pN  compounds  are  not  detectable. 

The  s-ribonucleates  and  18S  +  28S  ribonucleates  do  not  show 
marked  differences  in  their  proportions  of  the  major  5'- 
nucleotides  or  of  5 ' -pseudouridylate  but  do  show  a  most  striking 
difference  in  the  proportions  of  the  pNx  compounds.  Thus,  pAx 
is  barely  detectable  in  the  s-ribonucleates,  while  it  is  the 
major  pNx  component  of  the  18S  +  28S  ribonucleates. 

The  pN^  compounds  have  not  been  previously  isolated  from 
the  s-ribonucleates  from  any  other  source  and  it  was  therefore 
necessary  to  establish  their  identity.  The  pN  compounds  were 
pooled  and  it  was  established  that  they  were  susceptible  to  the 
5 ' -nucleotidase  of  Russell  Viper  Venom  under  conditions  where 
the  normal  5 ' -nucleotides  were  completely  converted  to  nucleo¬ 
sides  but  2'-  and  3 ' -nucleotides  were  unaffected  (1  ml  of  digest 
contained  1.0  jumole  of  nucleotide,  3.3  mg  of  Russell  Viper  Venom 
and  150  pimoles  ammonium  formate  buffer,  pH  9.2,  and  was  incubated 
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O  X 

at  37  for  2„5  hours) .  The  pN  compounds  were  also  shown  to  be 
periodate-susceptible.  This  is  the  most  complete  demonstration 
that  the  nucleate  derivatives  having  methyl  substituents  in  the 
heterocycle  are  recoverable  as  5 ' -nucleotides .  This  establishes 
that  pN  compounds  participate  in  the  customary  3 '-5'  inter¬ 
nucleoside  phosphodiester  linkages. 

The  pNx  compounds  are  not  susceptible  to  either  the 
5 ’ -nucleotidase  of  snake  venom  or  to  periodate  oxidation,  and 
the  conclusion  that  they  are  indeed  5 ' -nucleotides  rests  on  the 
work  of  Honjo  and  co-workers  (1964) . 
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V.  SUMMARY 


Several  preparations  of  wheat  germ  s-ribonucleates  were 
characterized  by  physico-chemical  methods  and  shown  to  be  homo¬ 
geneous.  The  intrinsic  sedimentation  coefficient,  S?_  ,  was 

20, w 

3.4S  when  measurements  were  performed  with  ultraviolet  absorption 
optics  at  a  ribonucleate  concentration  of  0.0025  per  cent  in  0.15 
M  sodium  chloride  solution.  The  weight  average  molecular  weight 
of  the  s-ribonucleates  based  on  S°  ,  D°  ,  and  v  was  31,700, 
and  was  in  favorable  agreement  with  the  number  average  value  of 
26,565  based  on  the  average  chain  length  of  77  from  end  group 
analysis , 

Analysis  of  the  end  groups  (Table  III)  by  alkali 
hydrolysis  of  the  wheat  germ  s-ribonucleates  agreed  qualitatively 
with  published  data  on  the  s-ribonucleates  from  other  sources  in 
that  the  major  diphosphonucleoside  was  guanosine  diphosphate  and 
the  major  nucleoside  was  adenosine.  Small  quantities  of  the  other 
diphosphonucleosides  and  nucleosides  were  also  detected.  The 
analytical  composition  of  the  wheat  germ  s-ribonucleates  (cf. 

Table  VIII)  was  typical  of  s-ribonucleates  from  other  sources  in 
that  guanylate  and  cytidylate  accounted  for  60  mole  per  cent  of 
the  major  nucleotides,  while  adenylate  and  uridylate  accounted  for 
only  40  per  cent  of  the  major  nucleotides.  Since  guanylate  and 
cytidylate  are  the  major  nucleotide  components  of  the  wheat  germ 
s-ribonucleates,  it  is  perhaps  significant  that  the  nucleotides 
with  methyl  substituents  on  guanylate  and  cytidylate  predominate 
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over  the  methylated  derivatives  of  adenylate  and  uridylate. 

Glitz  and  Dekker  (1963)  isolated  the  nucleoside  derivatives 
with  methyl  substituents  on  the  heterocycle  as  nucleoside  2'-  and 
3 ' -monophosphates  (IST^p)  from  alkali  hydrolysates.  The  treatment 
of  wheat  germ  s-ribonucleates  by  snake  venom  phosphodiesterase, 
and  the  isolation  of  the  methylated  derivatives  as  nucleoside 
5 ' -monophosphates  (pN  )  in  this  investigation  has  demonstrated 
that  these  nucleosides  participate,  as  expected,  in  the  custom¬ 
ary  3 '-5'  phosphodies ter  linkages  of  s-ribonuclea te  chains. 

Pseudouridyla te  was  also  isolated  as  nucleoside  2'-  and 
3 ' -monophosphates  from  alkali  digests  by  Glitz  and  Dekker  (1963). 
The  hydrolysis  of  wheat  germ  s-ribonucleates  by  snake  venom 
phosphodiesterase  and  the  isolation  of  pseudouridylate  as  the 
nucleoside  5 ' -monophosphate  in  this  investigation  has  demonstrated 
that  this  nucleoside  also  participates  in  the  usual  3 '-5'  phos- 
phodiester  linkages  of  s-ribonucleate  chains. 

The  treatment  of  the  dinucleoside  phosphates  from  alkali 
hydrolysates  with  periodate  and  subsequent  alkaline  decomposition 
of  the  dialdehyde  gave  compounds  with  the  properties  expected  of 
2 '-0-methyl  nucleoside  3 " -monophosphates .  Isolation  of  compounds 
with  the  properties  expected  of  2 '-0-methyl  nucleoside  5'- 
monophosphates  from  whole  venom  hydrolysates  of  s-ribonucleates 
has  shown  that  the  2 '-0-methyl  nucleosides  also  participate  in 
the  customary  3 ’-5'  phosphodies ter  linkages  of  s-ribonucleate 
chains.  The  2 '-0-methyl  pseudouridine  5 ' -phosphate  isolated 
from  wheat  germ  s-ribonucleates  substantiated  the  isolation  and 
identification  of  the  corresponding  nucleoside  by  Hall  (1964) . 


TABLE  IX 


The  dinucleotide  proportions  of  wheat  germ  18S  +  28S 


r ibonucleates  and  s-r ibonucleates 


Dinucleotide 

sequence 

%D  (moles/100  moles 
dinucleotides) 

%M  (moles/100  moles 
nucleotides) 

18S  +  28S 
r ibonucleates 

s-r ibonucleates  18S  +  28S  s-r ibonucleates 

r ibonucleates 

AxpAp 

8.8 

0.3 

0.145 

0.004 

AxpGp 

11.2 

0.1 

0.185 

0.001 

AxpCp 

8.1 

0.0 

0.135 

0.00 

AxpUp 

7.8 

0.0 

0.130 

0.00 

GxpAp 

3.1 

3.1 

0.051 

0.041 

GxpGp 

7.8 

18.2 

0.130 

0.249 

GxpCp 

5.8 

7.9 

0.096 

0.107 

GxpUp 

3.0 

5.0 

0.049 

0.068 

CxpAp 

4.8 

4.7 

0.080 

0.064 

CxpGp 

0.9 

0.0 

0.015 

0.00 

CxpCp 

5.4 

6.3 

0.089 

0.086 

CxpUp 

7.0 

18.7 

0.117 

0.253 

UxpAp 

8.5 

0.6 

0.140 

0.008 

UxpGp 

6.1 

7.8 

0.101 

0.105 

UxpCp 

5.8 

10.0 

0.096 

0.135 

UxpUp 

5.9 

8.8 

0.098 

0.120 

(//xpCp 

0.0 

2.1 

0.029 

{/yxpup 

0.0 

6.3 

0.086 

100.0 

99.9 

1.658 

1.356 

The  values  of  %iyi  for  the  18S  +  28S  r ibonucleates  are  calculated 
from  the  total  %D  (1.65  mole  %)  and  the  %D  of  the  individual 
dinucleotides . 
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The  2 '-0-methyl  pseudour idyla te  is  a  component  of  two  alkali- 
stable  dinucleotide  sequences,  ^xpCp  and  ^xpUp. 

The  alkali-stable  dinucleotide  sequences  of  s-ribonucleate 
chains  can  be  quantitatively  isolated  because  of  the  unique 
chemical  stability  of  their  internucleoside  bonds  and  the 
intrinsic  non-overlapping  nature  of  the  sequences.  There  are 
no  other  sequences  in  s-ribonucleate  chains  which  are  amenable 
to  quantitative  isolation.  Fifteen  alkali-stable  dinucleotide 
sequences  have  been  identified  in  the  alkali  hydrolysates  of 
wheat  germ  s-ribonucleates ,  and  they  account  for  2.6  mole  per 
cent  of  the  total  nucleotides.  Since  the  chain  length  of  the 
ribonucleates  is  about  77,  then,  if  the  alkali-stable  dinucleo¬ 
tide  sequences  are  randomly  distributed  throughout  all 
s-ribonucleate  chains,  there  would  be  one  such  sequence  per 
chain.  In  the  18S  +  28S  ribonucleates,  there  are  16  alkali- 
stable  dinucleotide  sequences  which  account  for  3.4  mole  per 
cent  of  the  total  nucleotides.  If  the  dinucleotides  are  ran¬ 
domly  distributed  throughout  all  18S  +  28S  ribonucleate  chains, 
then  all  16  of  the  possible  dinucleotide  sequences  could  be 
present  in  every  chain  since  the  average  chain  length  is  1300. 

For  comparative  purposes,  the  %D  and  %M  for  both  the 
18S  +  28S  ribonucleates  and  the  s-ribonucleates  from  wheat  germ 
are  listed  in  Table  IX.  Large  differences  are  seen  between  the 
relative  amounts  of  dinucleotide  sequences  from  the  two  sources 
when  the  results  are  expressed  as  %D.  The  amounts  of  the  alkali- 
stable  dinucleotide  sequences  containing  2 '-0-methyl  adenylate 
are  almost  negligible  in  the  s-ribonucleates,  while  in  the  18S  + 
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28S  ribonucleates ,  they  account  for  the  largest  portion  of  the 
total  alkali-stable  dinucleotide  sequences.  The  relative  quan¬ 
tities  of  GxpGp,  CxpUp  and  UxpCp  in  the  s-ribonucleates  are 
twice  as  great  as  the  corresponding  values  for  these  same 
sequences  in  the  18S  +  28S  ribonucleates.  Pseudouridylate  is 
present  in  the  s-ribonucleates  as  a  2 '-0-methyl  nucleoside 
constituent  of  the  alkali-stable  dinucleotide  sequences  but  has 
not  been  detected  as  the  normal  nucleoside  constituent  of  an 
alkali-stable  dinucleotide  sequence. 

The  absolute  quantities  of  the  alkali-stable  dinucleo¬ 
tide  sequences,  expressed  as  %M,  tend  to  show  similarities  which 
are  less  obvious  when  the  relative  amounts  (%D)  of  the  sequences 
in  the  18S  +  28S  ribonucleates  are  compared  with  the  correspond¬ 
ing  figures  for  the  s-ribonucleates. 

A  comparison  of  the  absolute  amounts  of  individual  di¬ 
nucleotide  sequences  shows  substantial  similarities  between  the 
18S  +  28S  ribonucleates  and  the  s-ribonucleates  except  in  the 
case  of  UxpAp  and  the  Ax-containing  dinucleotides.  Although 
the  absolute  amounts  of  GxpGp  and  CxpUp  isolated  from  s- 
ribonucleates  are  greater  than  the  amounts  from  18S  +  28S  ribo¬ 
nucleates,  it  can  be  seen  that  these  sequences  do,  in  both 
sources,  contain  the  largest  amount  of  Gx  and  Cx,  respectively. 

Morisawa  and  Chargaff  (1963)  stated  that  they  found  no 
2 '-0-methyl  adenylate  in  liver  ribonucleates  and  yeast  s- 
ribonucleates .  The  quantitative  techniques  used  in  the  present 
studies  show  that  2 '-0-methyl  adenylate  is  present  in  small 
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quantity  in  the  wheat  germ  s-r ibonucleates .  Similar  small  quan¬ 
tities  of  2 ' -0-methyl  adenosine  have  been  found  in  the 
s-r ibonucleates  of  E.  coli  by  Hall  (1964) . 
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